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ABSTRACT 
A number of thennophysical measurements were carried out at the Meikle mine in Nevada in order to obtain new data 
concerning heat flows and wall temperatures in a hot mine. This was necessary to verify known methods of heat flow 
calculation and compare experimental with theoretical results. The Meikle mine was chosen because it is operated in an area 
of high rock temperature caused by the hydrothermal nature of the deposit and the presence of water at 60 o C. The airflow rates 
in some of the inactive areas and the predicted background rock temperature at the mine are similar to those planned for 
the isolation of radioactive waste packages (RAW) in an underground repository. Therefore, the measurements in the mine 
made it possible to obtain real values of heatflows and temperatures in mine openings which will be similar to those expected 
in the drifts of a future RAW repository. Another objective of the measurement program was to conduct a comprehensive 
test of a new instrument, developed at the Institute of Engineering Thennophysics in Kiev, to measure the heat flow and 
temperature of rock. The advantage of the instrument consists in its ability to measure rock temperature and heat flow from 
strata directly on a rock surface without any need to drill holes or with minimum impact on the rock surface. This makes it 
possible to measure under conditions where the level of the energy transfer resulting from the rock temperature and 
moisture content are not affected by drilling or by any heat and mass exchange in a hole. The results obtained were used to 
calculate values of the overall heat transfer coefficient (the coefficient of unsteady heat exchange) for each measurement 
location. This coefficient is an important input parameter in most underground mine climate computer simulation programs. 
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INTRODUCTION 
Field measurements of heat flows, temperature, and 
thermophysical properties of rock masses in which mining, 
tunneling, and other types of underground excavation have 
occurred are necessary to verify the nature and amount of 
heat and mass transfer in rock. An essential advantage of in 
situ measurements in underground mines compared to 
physical modeling in a laboratory is that they can be carried 
out under conditions where the initial state of strata is not 
altered from the point of view of the mechanical state and 
structure as well as the moisture content and thermophysical 
properties of the rock. This is contrary to what happens when 
the rock samples are extracted from the rock mass and 
investigated in a laboratory. Underground thermophysical 
measurements in the Meikle mine were carried out in order 
to obtain new data about heat flows and side wall 
temperatures in a hot mine. This data was used to verify 
known methods to determine heatflow by comparing 
measured with theoretical results. Another objective was to 
carry out in an operating mine a comprehensive test of a new 
instrument designed and manufactured by the Institute of 
Engineering Thennophysics of the National Academy of 
Sciences of Ukraine for the non-destructive measurement of 
heat flows and temperature of rock. The Meikle mine was 
chosen because it is operated in an area of high rock 
temperature caused by the hydrothermal nature of the deposit 
and the presence of water at ·60°C. The air flow rates in 
some of the inactive areas and the predicted background 
rock temperature at the mine are similar to those planned for 
the isolation of radioactive waste packages (RAW) in an 
underground repository. Therefore, the measurement in the 
mine made it possible to obtain real values of heat flows and 
temperatures in mine openings which will be similar to those 
expected in the drifts of a future RAW repository. The 
Meikle mine does not have any methane present, thus making 
it possible to use the measuring device, which is not designed 
to be, "intrinsically safe" for gassy mines. 
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TIIEORETICAL BACKGROUND 
The following in situ values are sufficient to enable 
verification of the input data necessary for the prediction of 
climate parameters in underground facilities: heat and mass 
fluxes from rock to the mine air, the temperature of tunnel 
walls, and the temperature of air. In a case where the sur-
rounding rock is dry, i.e. no free water flowing through the 
rock, an energy balance at the boundary between the rock and 
the mine air can be represented by the following equation: 
(1) 
where 
'b:d =total heat flux from the dry rock, W/m2; 
Cir =radiative heat flux, W/m2; 
Tw =temperature of tunnel wall, K; 
T a = temperature of air, K, 
a = coefficient of heat transfer ( convective ), W /m2 K 
If <b::d, T w• and Ta are measured, then CJr can be determined 
using the theory of radiative heat exchange (Thomas, 1980) 
and: 
(2) 
In the case that the degree of humidity of the rock is 
significant, equation ( 1) should contain a term <1m to account 




<b::w =total heat flux from the wet rock, W/m2; 
~ = coefficient of mass transfer, kg/m2 s Pa; 
(4) 
P w = the partial vapor pressure of the air at the tunnel 
wall surface, Pa; 
P a = the partial air pressure of the flowing air, Pa; 
r =evaporation heat, J/kg. 
With known measured values of Qu and <b::w the following can 
be calculated from equations ( 1) and (3): 
(5) 
Then the coefficient of mass transfer can be determined 
from: 
~ = 'k/r(P w - P J ( 6) 
Figure 1. HAUBERK measurement system. 
while partial pressures P w and P a are calculated using the 
known theory of air-vapor mixture thermodynamics or are 
obtained using a psychrometric chart (McPherson, 1992). 
INSTRUMENT DETAILS 
The heat flow measurement unit known as the HAUBERK 
measurement system is shown in Figure 1. The technical 
specifications of the device are listed in Table 1. The 
HAUBERK measurement system consists of two parts: the 
measurement module and the electronic measurement unit. 
The former, shown in Figure 2, contains two generator-type 
heat flow gauges: the outer gauge which faces the air, 1, and 
the inner gauge which is in contact with the rock, 2. Tem-
perature gauge 4 is placed on the outer surface of gauge 1, 
and a perforated disk 3 is placed between gauges 1 and 2. 
Gauge 1 is in contact with the air at the boundary layer 
existing close to the tunnel wall surface and also with disk 3. 
The inner gauge, 2, and part of disc 3 are in contact with the 
rock surface. Perforated disk 3 is manufactured from a highly 
heat-conductive material (copper) and temperature gauge 4 
is a copper resistance thermometer. The outer gauge, 1, 
measures the convective part of the "dry" heat flow <b:d. while 
the inner gauge, 2, measures the heat flow <b::w which is 
affected by the mass transfer through the rock. Disk 3 acts as 
a heat equalizer and is perforated in order to ensure that the 
mass transfer passes through it. The system is based on heat 
and mass flow measurement theory, (Fyodorov, 1986) and the 
theoretical basis of stacked heat and mass flow meters 1 and 
2 is described in detail in (Fyodorov, 1986; Dekusha, et a/, 
1984 ). The measurement module includes a clamping ring 
and a protective mesh covering. 
The electronic measurement unit contains appropriate 
electronics and circuitry to transform the gauge signals into 
numbered values, which are output to a display on the unit 
together with a display indicting if the unit is working 
correctly. The unit also contains a compartment which holds 
batteries and the analysis and control circuitry. The 
thennometer used in the measurement module is standard, 
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Figure 2. Details of the measurement module: ]-outer heat 
flow gauge; 2-inner heat flow gauge; 3-perforated disk; 4-
temperature gauge. 
with a resistance of 108.63 Ohms at 20°C and 100.1 Ohms at 
ooc and has a range from -196°C to +250°C. Over this 
range it can be calibrated by a standard method. 
The calibration of the heat flow gauges was performed in 
three stages. Firstly, a preliminary calibration was done in 
the laboratory before the installation of the gauges into the 
HAUBERK unit. Two calibration methods were used - one 
conductive and the other radiative (Deakon, 1950; 
Garaschenko, 1965). Secondly, the calibration of the heat 
flow gauge was carried out after its installation into the 
measurement unit. Both types of calibration methods were 
also used in this stage. The calibration was done over the 
temperature interval of +5o C to +80 o C with an accuracy of 
0.1 oc. The heat flux was measured using a reference heat 
flow gauge which provided an interval from 0 to 1000 W /m2 
with an accuracy of+/- 0.5 W/m2• Finally, the calibration of 
the heat flow gauge was performed in the laboratory using a 
method consisting of an aerodynamic tube and an instrument 
unit. 
The tube simulated the heat exchange which occurs in a 
heat transfer system existing in an underground ventilated 
opening surrounded by wet rock. This was achieved by using 
a lm x 1m rock sample representing a part of the rock surface 
of an underground opening. The infinite assumption for the 
surrounding rock mass was fixed and the boundary conditions 
of temperature, air velocity and humidity were varied. The 
calibration heat fluxes were generated using electrical heaters 
installed into a simulated rock sample of silica gel and quartz 
sand with known thermophysical properties of thermal 
conductivity, thermal diffusivity, heat capacity, and density. 
A small piping system was used to input moisture into the 
simulated rock samples whose pore diameter was varied from 
1 o-3 to 1 o-s em, and a controlled airflow was used to evaporate 
moisture at a known rate. Readings of the heat fluxes and 
wall temperatures obtained for the third stage of the cal-
ibration were compared with readings from the first two 
stages. This complex laboratory calibration of the HAUBERK 
unit made it possible to quantitatively evaluate alterations of 
heat flows on the rock surface of an underground opening and 
to account for the influence of such factors as air velocity, 
rock properties and mass transfer on measurement accuracy. 
Table 1. Technical specifications of the "Hauberk" Unit. 
NO CHARACTERJSTICS 








3 Mass (no more than) 
4 Input voltage 
5 Power conswnption 
(no more than) 
6 Allowed limit of the absolute 
temperature measurement 
error (no more than) 
7 Allowed limit of the absolute 
heat flow measurement error 
(no more than) 
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IN SITU l\1EASUREMENTS 
Measurements of heat flows anq temperatures using the 
HAUBERK unit, took place in the Meikle underground mine 
operated by Barrick Goldstrike Mines Inc. The mine is 
located in the northeastern part of Nevada, USA, and is a 
new, highly productive operation which is equipped with 
modern mining, transport and ventilation equipment and 
facilities as well as a system of mine air conditioning. The 
mineral deposit consists of silicified limestone and dolomite 
in which large open chambers have been created by the 
flowing hot water, which have now been pumped dry in those 
areas being mined. The proximity of the productive zone to a 
magmatic source of heat transferred into the groundwater 
causes abnormally high strata temperature which is dependent 
on the rate at which the groundwater level is reduced by 
pumping. The virgin rock temperature is reasonably constant 
in the vicinity of the mineral deposit, since it was 'initially 
saturated by hot water present in an extensive fracture system 
which was removed by pumping. At the time of the 
measurement program, mining was taking place on eight 
levels from 280m to 395m below surface at 15m intervals. 
The measurements were carried out on the 295, 310 and 
395m levels. Places chosen for measurements are marked by 
numbers 1-4 on Figures 3- 5. Before a measure-ment was 
taken, a circular area on the rock surface was made relatively 
smooth mechanically on a selected part of the tunnel wall in 
order to position gauge 2 and to ensure good contact between 
the rock and disk 3 surfaces. The waiting time for the 
instrument to take a reading was about 20-30 minutes in 
order to stabilize the heat and mass flows to be measured. 
Readings of all gauges, as well as the temperature and 
velocity of air in the tunnel, were taken several times during 
one experiment. 
RESULTS 
The experimental data obtained from the present 
measurement program, as well as the results of processing the 
readings, are presented in Table 2. Since the rock 
surrounding the tunnel had been dried out by the evaporation 
of any water into the ventilating air, the rock was relatively 
dry for the HAUBERK instrument. This resulted in the 
difference in the readings between the outer and the inner 
heat flow gauges being too small to be measured. Therefore, 
it was necessary to process the measurements assuming that 
the heat flow from the rock was dry, i.e. 'b:d = <b:w = q. When 
processing the readings, the values of the thermo-
electromotive force (thermo- emf) of the heat flow gauge, as 
well as of the temperature gauge, were averaged using 
readings obtained from at least three measurements at each 
location. The coefficients of heat transfer presented in Table 
2 were calculated using formula (2). The heat flux was 
calculated by multiplying the thermo - emf readings by a 
transformation coefficient established during the calibration 
process. The average value of this coefficient obtained from 
10 calibration e~riments is 0.88. Table 2 also contains the 
estimated values of the coefficient of transient heat exchange 
(Shcherban, 1959; Kremnyov, 1986) which were used to 
calculate the heat flows from the rock to the mine ventilating 
air when the virgin rock temperature around the underground 
opening is known but the rock surface temperature is 
unknown. This coefficient was calculated using the known 
relationship (Chemyak, 1993): 
(7) 
where: 
kT = coefficient of transient heat exchange, W /m'lK 
T R = virgin rock temperature, which is assumed to be 
60 o C at the Meikle mine. 
CONCLUSIONS 
It appears that the HAUBERK unit is sufficiently sensitive 
and reliable to be used on a regular basis for underground in 
situ measurements. Heat exchange parameters obtained after 
processing the experimental readings appeared to correlate 
well with the character of the thennophysical processes 
estimated to be occurring in the openings in the Meikle mine. 
Therefore, it can be seen in Table 2 that at the measurement 
locations one and two on levels 395m and 310 ~the level of 
heat exchange between the air and rock, despite the high 
temperature of strata, is rather low i.e. the coefficient of heat 
transfer is equal to 1.61 and 0.09 W/mZX.. This is explained 
by the presence of a very low air velocity at the measurement 
sites, which were located in inactive areas. Under these 
conditions the temperature difference between the rock wall 
of the opening and the air is practically equal to zero, which 
results in a low level of heat exchange. Measurement 
locations three and four on level 295m were ventilated by a 
through airflow with a fairly high velocity, which results in 
an air temperature which is somewhat less than the strata 
temperature. This results in a level of heat exchange which 
is correspondingly higher when compared with measurement 
locations one and two. In addition, the highest level of heat 
exchange is observed at location four, where the air velocity 
was highest and air temperature was lowest. 
The coefficients of transient heat exchange shown in Table 
2 are in good agreement with what would be expected given 
the existing physical consideration of the role of cooling and 
heating zones formed in rock strata around underground 
openings. For example, at measurement locations one and 
three, the estimated values of kT are the same, but the 
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the temperature differences between the surface of the 
underground opening and the air temperature. Based on the 
results of this measurement program at the Meikle mine, it is 
possible to justify the initiation of the development of a 
system of thermophysical monitoring grounded on the 
principles used in the HAUBERK unit, which will be 
acceptable for the conditions encountered in a long-term 
underground repository for radioactive waste and other hot 
underground construction and mining sites. 
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Table 2. Results of measuring and processing of readings. 
Measurement Results Estimated values 
Level, m Measure Thermo- Temperature Temperature Heat flux, Coefficient of heat Coefficient of 
ment emf, of the tunnel of air Wlm2 transfer, transient heat 
Location mV wall, °C stream, °C Wl(m2 K) exchange, 
W/(m2 K) 
395 1 13.5 38.8 31.4 11.9 1.61 0.42 
310 2 1.0 43 .2 33.8 0.88 0.09 0.034 
295 3 11 .89 37.48 35 .0 10.5 4.23 0.42 
295 4 33.67 31.3 28.9 29.78 12.4 0.96 
